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Locomotion and respiration require motor axon connectivity and activation of the neuromuscular
junction (NMJ). Through a forward genetic screen for muscle weakness, we recently reported an allele of
ryanodine receptor type 1 (Ryr1AG). Here we reveal a role for functional RyR1 during acetylcholine re-
ceptor (AChR) cluster formation and embryonic synaptic transmission. Ryr1AG homozygous embryos are
non-motile. Motor axons extend past AChR clusters and enlarged AChR clusters are found under fasci-
culated nerves. Using physiological and pharmacological methods, we show that contractility can be
resumed through the masking of a potassium leak, and evoked vesicular release can be resumed via
bypassing the defect in RyR1 induced calcium release. Moreover, we show the involvement of ryanodine
receptors in presynaptic release at the NMJ. This data provides evidence of a role for RyR1 on both the
pre- and postsynaptic sides of the NMJ.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The mechanisms that establish and maintain axon outgrowth
and synaptic function during embryonic development are crucial
for proper locomotion (Busetto et al., 2003; Hanson and Land-
messer, 2004, 2006; Krull, 2010; Sanes and Lichtman, 1999, 2001)
A key component of the locomotor circuit is the neuromuscular
junction (NMJ), which is formed and reﬁned by signaling between
the motoneuron and the muscle (Sanes and Lichtman, 2001).
Therefore, defects in pre- and postsynaptic signaling at the NMJ
may have detrimental effects on neonatal survival.
Presynaptic vesicular release of acetylcholine (ACh) by motor
nerve terminals leads to focal depolarization of the post-synaptic
apparatus. A large action potential sweeps through the muscle
ﬁber to induce global depolarization and muscle contraction.
Contractions in muscle transpire through the opening of a muscle-
speciﬁc voltage gated channel, dihydropyridine receptor (L-type
calcium channel DHPR; Cacna1s, CaV1.1, (Franzini-Armstrong and
Jorgensen, 1994)), which stimulates ryanodine receptor type 1
(RyR1) in the sarcoplasmic reticulum to ﬂood the myoplasm with
calcium. The increased calcium initiates contraction in the skeletal
muscle (Numa et al., 1990). These events constitute excitation–
contraction coupling (E–C coupling).
Transgenic studies have shown that skeletal muscle DHPR actsGartz Hanson).independently of E–C coupling to establish muscle prepatterning
of AChR clusters, AChR cluster size, the frequency of ACh depen-
dent depolarization, and expression of MuSK (Chen et al., 2011).
Moreover, RyR1 is required for establishing muscle prepatterning
of AChR clusters and proper axon outgrowth (Hanson and Nis-
wander, 2014). However, the requirement for functional RyR1-
DHPR complex in determining AChR cluster size, the frequency of
ACh-dependent depolarization, and expression of MuSK is less
clear.
The family of ryanodine receptors is required for proper Ca2þ
release from the sarcoplasmic reticulum in skeletal muscle (RyR1
and RyR3) and heart (RyR2) (Coussin et al., 2000; Giannini et al.,
1995; Nakai et al., 1990; Otsu et al., 1990; Takeshima et al., 1989;
Zorzato et al., 1990). Mice that lack either Ryr1 or Ryr2 die at birth
(Takeshima et al., 1994, 1998), whereas mice that lack Ryr3 are
viable (Takeshima et al., 1996), but have deﬁciencies in synaptic
plasticity and locomotion (Futatsugi et al., 1999). Embryonic rat
spinal cord and cultured rat motoneurons express RyR1, RyR2, and
RyR3 (Dayanithi et al., 2006) and this family of intracellular re-
ceptors is required for Ca2þ release from the endoplasmic re-
ticulum of neurons (Fill and Copello, 2002). Therefore, RyRs reg-
ulate muscle Ca2þ release and may be involved in release of Ca2þ
in the presynaptic terminal that results in release of transmitter.
Here we explore the function of RyR1 as it pertains to me-
chanisms of motoneuron axon extension, AChR cluster distribu-
tion, and presynaptic transmitter release. Mouse embryos that are
homozygous for a point mutation in Ryr1 (Ryr1AG) have defects in
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and increased AChR cluster size. The Ryr1AG/AG embryonic muscle
has a greater change in internal potassium levels and muscle pa-
ralysis but, by inhibiting the potassium leak, the muscle can be
stimulated to undergo contractions. In addition, we use this mouse
model to uncover a pre-synaptic role of ryanodine receptors at the
mouse neuromuscular junction. Overall, these data illustrate that
RyRs are involved in vesicular release at the NMJ, RyR1 is required
for proper release of transmitter at the neuromuscular junction,
and postsynaptic RyR1 is required for the size and distribution of
AChR clusters.2. Material and methods
2.1 Forward genetic screen and mouse strains
ENU mutagenesis was performed as described (Kasarskis et al.,
1998) on males of C57BL/6J background and then outcrossed onto
129S1/Svlmj background to score at embryonic day 18.5 for re-
cessive mutations that affect embryonic locomotion. The forward
genetic screen and identiﬁcation of the Ryr1AG mutation is de-
scribed in Hanson et al. (2015). This allele is named RyR1m1Nisw but
here we will refer to it as Ryr1AG. Ryr1 / is the dyspedic null
mutation (Ryr1tm1TAlle allele generated by Richard Allen (Buck
et al., 1997)). To examine axon guidance errors in limb muscles,
Ryr1AG/þ mice were crossed with B6.Cg-Tg(Hlxb9-GFP)1Tmj/J
(Jackson laboratory, Maine) stated as Hlxb9-GFP then outcrossed
6 generations in 129S1/Svlmj background. For the locomotion
screen, E18.5 embryos were dissected from timed pregnant dams
and placed in room temperature oxygenated mouse Tyrode's so-
lution. To induce limb movement, forelimb and hindlimb foot-
pads were pinched with tweezers to induce paw retraction and
cross-extensor reﬂexes. Touching the forceps to the dorsal rib cage
scored s-shaped movements in axial muscles. Touching the forceps
to the nose scored neck extension reﬂex. Touch assay was per-
formed on each embryo in the litter and the genotype of all em-
bryos was determined.
2.2 Calcium transient measurements
Primary myoblasts isolated from E18.5 embryonic muscle were
differentiated and then loaded with the ﬂuorescent Ca2þ indicator
Fluo-3 (Life Technologies, Grand Island, NY) injected by whole-cell
conﬁguration at a ﬁnal concentration of 200 mM. Following load-
ing, Fluo-3 dye was allowed to diffuse within the cell interior for
5 min. The total change in ﬂuorescence (ΔF/F) was determined
from the change in peak ﬂuorescence from initial baseline during
stimulation, where F was the ﬂuorescence immediately before the
test pulse minus the measured average background (non–Fluo-3)
ﬂuorescence before dye injection. The average values of ﬂuores-
cence change (ΔF) for each test potential (V) were ﬁtted according
to: ☐ΔF)¼(ΔF)max/{1þexp [(VFV)/kF]}, where (ΔF)max¼1093
au, VF¼1.4 mV and kF¼5.5 mV. Fluorescence emission was
measured by ﬂuorometer (Biomedical Instrumentation Group,
University of Pennsylvania, Philadelphia, PA). Kurt Beam and Roger
Bannister provided Ryr1-YFP cDNA and performed these
experiments.
2.3 [Kþ]i/PBFI measurements
For [Kþ]i measurements, E18.5 diaphragm muscle was me-
chanically scraped of membrane bordering the muscle and afﬁxed
to glass bottom culture dishes (MatTeK) with Vetbond (3 M, St.
Paul, MN). The ratiometric cell-permeant potassium indicator
PBFI–AM (5 μM; Life Technologies, Grand Island, NY) togetherwith 0.2% Pluronic F-127 for enhanced dye loading was applied to
the diaphragm muscle for 30 min in Ringers Solution (3 mM Kþ).
After loading, muscles were washed for 30 min to remove excess
dye and to allow de-esteriﬁcation of the AM dye. Data was col-
lected from greater than 10 ﬁbers per muscle with 4 muscles per
condition. Muscles were analyzed at 33 °C using the 340/380 ﬁl-
ters on Zeiss Axio Observer Z1 with Photometrics CoolSNAP HQ2
camera for wide-ﬁeld imaging. The ﬁltered 340 and 380 intensities
were analysized per second and the ratiometric intensity for the
ﬁbers were plotted. To calibrate intracellular potassium con-
centrations, ratiometric PBFI intensities were ﬁtted to the in-
tensities at different Kþ concentrations with the addition of 10 μM
gramicidin in extracellular solutions and using the intensity of
10 ﬁbers of interest per muscle in 43 muscles from each con-
dition. Calibration solutions were prepared with appropriate vo-
lumes of a high [Kþ] solution with potassium gluconate.
2.4 ATP content
E18.5 limb skeletal muscles were assayed immediately after
homogenization using buffer described in Hanson et al. (2015) to
determine ATP content with a luciferin–luciferase based biolumi-
nescence assay. The methodology of the ATP determination kit is
provided in the experimental protocol by Molecular Probes (A-
22066, Eugene, OR, USA). In order to determine ATP content,
freshly extracted homogenate was added to a cuvette containing
reaction buffer, D-luciferin, luciferase and DTT and placed in a
Sirius luminometer v.2.2 (Berthold Detection Systems). Known
concentrations of ATP standards were used to establish a standard
curve.
2.5 Electrode recordings
Sharp electrode recordings were performed as described
(Hanson et al., 2014; Plomp et al., 1992). E18.5 diaphragms were
dissected and kept at room temperature in Normal Ringers solu-
tion. Diaphragm muscle ﬁbers were impaled with a glass capillary
microelectrode (30 MΩ resistance) made using a P-97 microelec-
trode puller (Sutter Instruments, Novata, CA) and ﬁlled with 3 M
KCl (Brown et al., 2008). Evoked responses were elicited by a 0.2-
ms maximal stimulus applied to the phrenic nerve using a suction
electrode and pulse generator (STG 1002, ALA Scientiﬁc Instru-
ments, Farmingdale, NY). Evoked and miniature endplate poten-
tials (MEPP) were recorded using an Axoclamp-2A ampliﬁer
(Molecular Devices, Sunnyvale, CA) and DigiData 1322A (Mole-
cular Devices). Muscle ﬁber membrane potentials were adjusted to
Em¼70 mV under current clamp. Data was extracted and ana-
lyzed with Axoscope 10 software (Molecular Devices).
For EMG recordings and analysis of muscle contractions, ex-
planted diaphragm muscle (Hanson and Niswander, 2014) was
warmed to 30 °C and continually supplied with oxygenated Tyr-
ode's solution (3.0 mM KCl). EMG muscle recordings were made
using ﬁne-tip suction electrodes pulled from polyethylene tubing
(PE-190; Clay Adams, NJ) and recorded via ampliﬁers (AI 401
ampliﬁer connected with Digidata 1322a, Molecular Devices) di-
rectly on the computer with Axoscope 10 (Molecular Devices).
Signiﬁcance of data was evaluated by Student's t-test, which de-
termined the P value (Excel 2008). A P value below 0.05 was
considered signiﬁcant. E18.5 diaphragm preparations were treated
with pharmacological reagents by addition of drugs to the bath at
the indicated concentrations. For contractile studies, a stimulation
electrode was placed onto the diaphragm. Evoked response was
elicited by a 0.2-ms maximal stimulus compared to locomotor
normal littermates within bath. A contractile movement was
scored as a 0 if no contraction transpired after stimulation and 1 if
contraction was recorded either through EMG recording or a visual
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before examination of contractility.
2.6 Electron microscopy
Diaphragm muscles of E18.5 embryos were ﬁxed with 2.0%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 37 °C. The
central region of muscle was dissected to focus on the pre-
dominant region of AChR clusters, followed by a secondary post-
ﬁxation in 2% osmium tetroxide and 1.5% potassium ferrocyanide
in 0.1 M cacodylate (Sigma-Aldrich, St. Louis, MO) buffer for 1 h at
room temperature. Samples were dehydrated through an ethanol
series (50, 70, 90, 95 and 100% ETOH) and embedded in Epon/
Araldite resin polymerized overnight at 60 °C. Ultrathin sections
were cut, placed on copper mesh grids and double contrasted with
2% aqueous uranyl acetate and Reynold's lead citrate. Grids were
imaged using a FEI Technai G2 BioTwin transmission electron
microscope (FEI, Hillsboro, OR). Vesicle size and number were
calculated using ImageJ.
2.7 In situ hybridization
Whole mount in situ hybridization was carried out as pre-
viously described (Lin et al., 2001). E15.5 embryos were dissected
in oxygenated Tyrode's Solution and pinned to a dish with a layer
of Sylgard (184, Dow Corning) and the skin removed to expose the
ribcage. A portion of the ribcage surrounding the diaphragm (last
5–8 caudal ribs) was removed from the embryo with small scissors
and placed rostrally on another 100 mM Sylgard coated dish with
the ribcage slightly stretched and pinned down using insect pins.
Diaphragms were ﬁxed in freshly prepared 4% PFA in 0.1 M
phosphate buffer at 4 °C overnight and then dehydrated through a
series of methanol solutions (25, 50, 75 and 100%). Hybridization
was carried out at 70 °C overnight in hybridization buffer con-
taining 50% formamide (Sigma), 1.3 SSC, 50 μg/ml yeast tRNA,
0.2% Tween-20, and 1% Triton X-100 (Sigma), using digoxigenin-
labeled Lrp4 or MuSK riboprobes. Diaphragms were washed with
TBS containing 1% Tween-20, blocked with 5% goat serum in di-
lution buffer, and incubated with alkaline phosphatase conjugated
anti-digoxigenin antibody (1:1000, Boehringer Mannheim GMBH,
Indianapolis, IN) overnight at 4 °C, and hybridization signals were
detected with a staining solution containing 100 mM Tris (pH 9.5),
0.4 mg/ml nitro blue tetrazolium chloride (NBT), 0.19 mg/ml
5-Bromo-4-chloro-3-indolyl phosphate (BCIP), 100 mM NaCl and
50 mM MgCl2 (Sigma).
2.8 Quantitative RT-PCR
RNA was extracted from spinal cord using Trizols followed by
DNaseI digestion and clean-up (Qiagen RNAeasy Minikit, Qiagen,
Valencia, CA) and reverse transcribed using random hexamer
primers and SuperScript III Reverse Transcriptase (Life Technolo-
gies) and ampliﬁed using TaqMan Universal PCR Master Mix (Life
Technologies). Quantitative PCR was performed on a Roche
LightCycler 480 Real-Time PCR System. Calculations were per-
formed by a relative standard curve method. Probes for target
genes were from TaqMan Assay-on-Demand kits (Life Technolo-
gies). Samples were adjusted for total RNA content by GAPDH in
muscles of control embryos.
2.9 Immunohistochemistry
Diaphragms were dissected and pinned to sylgard dish in 4%
paraformaldehyde for 10 min then permeabilized with 0.2% Triton/
PBS for 30 min. Non-speciﬁc reactivity was blocked with 2% BSA/
PBS for 2 h. When diaphragms were exposed to α-BTX conjugatedAlexa 555 (1:500) alone, no permeabilization was performed to
allow detection of AChRs at the membrane. Primary monoclonal
antibody for all RyRs (34C, 1:20; Airey et al., 1990) was applied
overnight at room temperature. Primary antibodies for neuroﬁla-
ment (1:100; Sigma) and synaptophysin (1:200; DSHB) were ap-
plied overnight at 4 °C. Secondary antibodies (Alexa Fluor 488-
conjugated donkey anti-mouse, Alexa Fluor 568-conjugated goat
anti-mouse IgG, 1:500, Life Technologies, #A11031) were applied
for 1 h.
2.10 Confocal microscopy
Immunostained samples were examined by confocal laser
scanning microscopy using a Zeiss LSM 510. For diaphragms, an
area of 1 mm2 was selected from the ﬁeld of view (10). Alexa-
Fluor 568 was excited at 543-nm by a HeNe laser line (1 mW
maximum output, operated at 100%), directed via a 488/543 nm
dual dichroic mirror. Emitted ﬂuorescence was directed to a pho-
tomultiplier with a 560-nm long-pass ﬁlter. Confocal ﬂuorescence
intensity data were recorded as the average of four line scans per
pixel and digitized at 8-bits, with photomultiplier gain adjusted
such that maximum pixel intensities were o70% saturated.
2.11 Quantiﬁcation
The ventral quadrant of the diaphragm shows a high degree of
reproducibility in axon branching, AChR cluster number and dis-
tribution. Drawing a line between the most distal α-bungarotoxin
positive AChR clusters and measuring the distance in ☐10 μm in-
tervals on each side of the central branch nerve in the ventral
diaphragm quadrant quantiﬁed AChR cluster region. To determine
the percent of the region occupied by AChR clusters, the distance
to the distal edges of the diaphragm and the region of α-bungar-
otoxin labeled AChR clusters was measured in 100 μm increments.
Percentage of AChR clusters was quantiﬁed using compressed
z-stack images. Each condition was performed in at least 5 dia-
phragms for each condition. AChR cluster number was quantiﬁed
on z-stack images of entire muscle by dividing the ventral quad-
rant into 0.1 mm bins from central branch in ventral quadrant
outlined by purple boxes in Fig. 3A and B. The Zen 2009 software
(Zeiss, Germany) was used to calculate the size of the AChR
clusters.
2.12 Statistical analysis
The unpaired two-tailed Student's t-test was used to examine
statistical differences. Data in the manuscript are represented as
mean7SEM unless otherwise indicated. po0.05 was considered
signiﬁcant.
2.13 Study approval
All experiments were conducted in accordance with the pro-
tocols described in the Guide for the Care and Use of Laboratory
Animals (NIH, Revised 2011).3. Results
3.1 RyR1AG protein is expressed but the mutation causes a non-motile
embryonic phenotype
Following N-ethyl-N-nitrosourea (ENU) chemical mutagenesis
and a multi-generation cross to identify recessive mutations, the
Ryr1AG line was identiﬁed by muscle weakness (Hanson et al.,
2015). The ENU-induced point mutation creates an E4242G change
Fig. 1. ENU-induced mutation in Ryr1. (A) Complementation cross of Ryr1AG/þ with Ryr1 /þ results in trans-heterozygous embryos with the same gross phenotype as
Ryr1AG/AG mutants and Ryr1 / nulls. (B, C) Immunohistochemistry of muscle ﬁbers labeled with pan-RyR antibody. (D–G) Punctate immunostaining was observed in normal
(D) and Ryr1AG/AG (E) myotubes, but not in Ryr1 /myotubes (F). Staining was absent when only the secondary antibody was present.
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phenotype in mice homozygous for the Ryr1AG allele, Ryr1AG/þ
mice were crossed. At embryonic day 18.5 (E18.5), Ryr1AG/AG
homozygous mutant embryos displayed kyphosis (hunchback),
carpoptosis (wrist drop), were non-motile during the locomotion
screen (see methods) and died at birth (Fig. 1A). Gene identiﬁca-
tion was conﬁrmed by a lack of complementation in trans-het-
erozygous embryos for our allele and RyR1 null allele and the
Ryr1AG/AG phenotype was similar to RyR1 / embryos (Fig. 1A).
Next, Ryr1 RNA levels in the Ryr1AG/AG mouse embryonic spinal
cord were determined at E14.5 and E18.5 and showed no sig-
niﬁcant difference compared to wildtype age matched embryos
(n¼4; Fig. S1). RyR1 is the predominant family member in muscle
and using a pan RyR antibody we observed RyR immunoreactivity
in puncta-like patterns in the tetrads of muscle ﬁbers in both
Ryr1AG/þ and Ryr1AG/AG muscle (Fig. 1B and C). In myotube cultures,
locomotor normal and Ryr1AG/AG myotubes have detectable RyR
protein expression (Fig. 1D and F), whereas no protein is detected
in Ryr1 null myotubes (Fig. 1E and G is antibody control). These
data indicate that the Ryr1AG allele has no apparent effect on Ryr
mRNA or protein expression in the spinal cord or muscle.
3.2 Defects in calcium dynamics in Ryr1AG/AG mice
RyR1 functions as a muscle isotype of ryanodine receptors that
is mechanically activated by the dihydropyridine receptor to allow
Ca2þ release from the sarcoplasmic reticulum (SR), thus evoking
E–C coupling (Fill and Copello, 2002; Takeshima et al., 1994). Todetermine whether Ryr1AG mutant protein affects calcium release,
myotube cultures were used, as RyR1 function has been well
studied in this system (Bannister and Beam, 2009; Fill and Copello,
2002). Whole-cell clamping in combination with ﬂuorescent Ca2þ
indicator (Bannister et al., 2008) showed that, unlike normal
myotubes, Ryr1AG/AG myotubes failed to release Ca2þ from the SR
in response to change in membrane potential (Fig. 2A–C Ryr1þ /þ
light gray circles and Ryr1AG/AG dark gray circles ). Moreover,
Ryr1AG/AG myotubes failed to contract in response to electrical
stimulation but electrically-evoked contractions could be rescued
by expression of YFP-tagged wildtype RyR1 in Ryr1AG/AG myotubes
(Fig. 2D), further evidence that the RyR1 mutation is causative of
the phenotype. Addition of the RyR1 agonist, 4-chloro-m-cresol
(4-CmC; 0.5 mM), produced substantial Ca2þ release in both nor-
mal and Ryr1AG/AG myotubes (peak ΔF/F of 1.470.1; n¼5 vs.
1.270.1; n¼3, respectively; p40.05; Fig. 2E and F), compared to
Ryr1 / myotubes (ΔF/F 0.170.0; n¼6; Fig. 2F). These results
indicate that RyR1AG/AG protein is present in myotubes and can
release SR Ca2þ stores with the help of an agonist to RyR. How-
ever, the rate of SR Ca2þ release in response to 4-CmC was much
slower in Ryr1AG/AG myotubes than in normal myotubes
(t1/2act¼6.572.4 vs. 2.270.6 s, respectively; po0.01; Fig. 2E).
This suggests a functional disruption of the RyR1AG/AG channel is
responsible for the lack of evoked release of calcium from internal
stores.
3.3 Inhibition of potassium leak in Ryr1AG/AG muscles
Our recent studies of adult Ryr1AG/þ mice demonstrated a
Fig. 2. Ryr1AG/AG show defects in calcium dynamics. (A, B) Representative recordings of myoplasmic Ca2þ transients elicited by 50-ms depolarizations from 50 mV to the
indicated test potentials for locomotor normal myotubes (A; Ryr1þ /þ) and Ryr1AG/AG myotubes (B). (C) Comparison of ΔFV relationships☐ for normal myotubes (light gray
circles; n¼4), and Ryr1AG/AG myotubes (dark gray circles; n¼7). (D) Fraction of myotubes that contract in response to a 100 V, 10 ms electrical stimulus for normal myotubes
(light gray bar), Ryr1AG/AG myotubes (dark gray bar, 0%), and Ryr1AG/AG myotubes transfected with RyR1-YFP (white bar). (E) Representative changes in Fluo-3 AM ﬂuorescence
in response to application of 4-chloro-m-cresol (4-CmC; 0.5 mM) elicited in a normal myotube (left) and Ryr1AG/AG myotube (right). Arrows indicate time of 4-CmC appli-
cations. (F) Half-rise times of Ca2þ transients in response to 4-CmC for normal (light gray bar), and Ryr1AG/AG (dark gray bar) myotubes compared to Ryr1 / (black bar). Error
bars represent 7SEM. Asterisks indicate a signiﬁcant difference (p¼0.006; t-test). For each group in (D) and (F), the total number of myotubes tested is indicated above each
bar.
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related to a potassium leak (Hanson et al., 2015). The Kþ leak
could be masked either by raising external Kþ or by inhibiting
KATP channel outward current, which rescued the myopathy in
Ryr1AG/þ muscles. To determine whether a similar Kþ leak un-
derlies the non-motile phenotype in Ryr1AG/AG embryos, we ﬁrst
assessed Kþ homeostasis in Ryr1AG/AG diaphragms using the po-
tassium indicator PBFI–AM (see Section 2) in combination with
ratiometric potassium imaging of muscle ﬁbers. Experiments
using wildtype diaphragms in normal Ringers solution (3 mM Kþ)
showed that intracellular Kþ concentration was 14477 mM
(n¼33 ﬁbers from 4 diaphragms; Fig. 3A and C). Ryr1 / null
diaphragms exhibited intracellular concentration similar to wild-
type diaphragms (139711 mM; n¼30 ﬁbers from 4 diaphragms,
Fig. 3C). However, Ryr1AG/AG diaphragms showed lower in-
tracellular Kþ concentrations of 85715 mM (n¼41 ﬁbers from
5 diaphragms; po0.001; Fig. 3B and C), suggestive of a potassium
leak.
In adult Ryr1AG/þ muscles, the mutant RyR1 inhibits Ca2þ release,
which results in decreased ATP content and dysregulation of genes
and proteins involved in potassium homeostasis (Hanson et al.,
2015). ATP content in Ryr1AG/AG diaphragm muscle was signiﬁcantly
decreased compared to wildtype (2174 nmol/mg Ryr1AG/AG musclesversus 3576 in wildtype; n¼4 per mouse line; Fig. 3D). Ryr1 /
diaphragm muscles had ATP content (3174 nmol/mg Ryr1 /
muscle; n¼4) similar to wildtype (Fig. 3D), suggesting that Ca2þ
internal release persist in Ryr1 / muscle. This data suggests that
RyR1AG/AG protein affects ATP levels which may suggest that po-
tassium homeostasis is also affected in these diaphragms. As in
Ryr1AG/þ soleus muscles (Hanson et al., 2015), Ryr1AG/AG diaphragm
ﬁbers showed a greater change in Kþ ﬂuorescent ratio intensity over
the course of testing suggesting more ﬂuctuations in Kþ ion per-
meability compared to wildtype diaphragms (Fig. 3E and F; n¼41
ﬁbers in 5 Ryr1AG/AG diaphragms and n¼33 ﬁbers in 4 wildtype
diaphragms and n¼30 ﬁbers in Ryr1 / diaphragms). The Kþ leak
could be ampliﬁed in all muscles by depleting the muscle of extra-
cellular Kþ , however the change in PBFI intensity was signiﬁcantly
greater in Ryr1AG/AG diaphragms compared to wildtype and Ryr1 /
diaphragms (Fig. 3E and F). The addition of 6 mM KCl or glib-
enclamide (2 μM) inhibited Kþ loss and signiﬁcantly increased in-
tracellular Kþ intensity of the muscle ﬁbers of Ryr1AG/AG diaphragms
compared to wildtype and Ryr1 / diaphragms (Fig. 3E and F).
These data suggest that Ryr1AG/AG diaphragms have decreased
intracellular Kþ , decreased ATP content and greater ﬂuctuations in
internalized Kþ .
Fig. 3. Ryr1AG/AG muscle regains contractility with masked potassium leak. (A, B) Fluorescence imaging of PBFI at 340 nm in Ryr1þ /þ (A) and Ryr1AG/AG (B) diaphragm in
3 mM Ringers solutions. Scale bar¼50 μM. (C) Ratiometric potassium imaging obtained at 340 and 380 nm wavelengths provided a ratio of ﬂuorescence in Ryr1þ /þ (light
gray), Ryr1AG/AG (dark gray) and Ryr1 / (black) diaphragm muscle (normalized to Ryr1þ /þ). (D) ATP determination of E18.5 muscles. (E) Representation of the ratiometric
imaging experimental paradigms for Ryr1þ /þ (light gray), Ryr1AG/AG (dark gray) and Ryr1 / (black) diaphragm muscle with bath applications of 3 mM KCl, 7 mM KCl, 0 mM
KCl and 3 mM KCl with 2 μM glibenclamide in Ringers solutions. (F) Change of intracellular Kþ ﬂuorescence intensities in experimental conditions. (G) EMG recordings of
diaphragm muscle from Ryr1þ /þ , Ryr1AG/AG, or Ryr1AG/AG treated with 6 mM KCl. (H) Analysis of contractility of E18.5 diaphragm muscle from Ryr1þ /þ , Ryr1AG/AG, or RyR1 /
embryos. After equilibration, all samples were bathed ﬁrst in 6 mM KCl, followed by wash out and then addition of one of the following conditions as indicated (3 and 6 mM
KCl, 2 μM glibenclamide and 100 nM Bay K8644; n for experiments above bars).
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The inhibition of the Kþ leak by 6 mM KCl might increase in-
tracellular Kþ and this may be sufﬁcient to initiate a contraction.
Using electromyography recordings (EMG) we examined muscle
contractions in whole diaphragm muscle in vitro upon direct
muscle stimulation. In 3 mM KCl Ringers solution, stimulation of
diaphragms initiated whole muscle contractions in wildtype dia-
phragms but not in Ryr1AG/AG or Ryr1 / diaphragms (Fig. 3G and
H). Increasing KCl from 3 mM to 6 mM together with electricalstimulation of the diaphragm induced bursts of electrical activity
in the EMG recordings and whole muscle contractions in wildtype
and Ryr1AG/AG muscle but not Ryr1 null muscle (Fig. 3G and H). The
potassium leak in adult Ryr1AG/þ muscle can be masked through
inhibiting KATP channels with glibenclamide (2 μM; Hanson et al.,
2015). The addition of glibenclamide to the bath induced con-
tractions in Ryr1AG/AG but not Ryr1 / muscle (Fig. 3H). These data
provide in vitro evidence that homozygous RyR1AG channels have
the ability to be functional active, but the channel might be forced
into an inactive state due to a potassium leak.
Fig. 4. Narrowed AChR cluster distribution and increased motor axon outgrowth in Ryr1AG/AGdiaphragms. (A, B) E18.5 whole diaphragms show clustered AChRs that form
neuromuscular junctions visualized with αbungarotoxin (red) and axons with synaptophysin and neuroﬁlament (green; scale bar in A, B¼1 mm). (C–E) Left ventral
quadrants of diaphragms (scale bar¼200 μm). (C) In Ryr1AG/þ diaphragms, AChR clusters extend along the axon branches. (D, E) In Ryr1AG/þ and Ryr1 / diaphragms, AChR
clusters surround the fasciculated nerve but do not extend along the axon branch. (F–G) Quantiﬁcation in the ventral quadrant (outlined by purple boxes in A,B) of AChR
cluster regionalization (F) and axon length (G) (n¼5 for each). H–O, At 14.5 (H–K, scale bar¼100 μm) and at E18.5 (L–O, scale bar¼200 μm), MuSK and Lrp4 (yellow dashes)
are expressed in the central region of Ryr1AG/þ and Ryr1AG/AG diaphragms.
M. Gartz Hanson, L.A. Niswander / Developmental Biology 404 (2015) 76–8782
M. Gartz Hanson, L.A. Niswander / Developmental Biology 404 (2015) 76–87 83If the RyR1AG channel is in an inactive state due to defects in
membrane excitability, the pharmacological activation of the vol-
tage-dependent DHPR might force RyR1AG into an active state,
allowing release of stored Ca2þ to instigate a contraction. To ex-
amine the ability of the DHPR channel to engage excitation–con-
traction coupling, Bay K8644 (100 nM), an agonist to the channel
portion of DHPR, was applied to Ryr1AG/AG diaphragm muscle. In-
deed, Bay K8644 addition could induce muscle contractions,
whereas no contractions occurred in Ryr1 null diaphragm muscle
(Fig. 3H). This indicates that orthograde DHPR-RyR1 signaling can
be elicited in Ryr1AG/AG muscle.
3.5 RyR1 signaling participates in axon extension and postsynaptic
AChR cluster distribution
Two mouse models that disrupt E–C coupling due to lack of
evoked calcium release from internal stores-targeted deletion of
β1 subunit of DHPR (Cacnb1null) (Chen et al., 2011) and deletion of
Stac3 (Nelson et al., 2013), which disrupts the voltage activation of
DHPR and affects RyR1 calcium release, show increased axon
branching and extension and broad disorganization of AChR
clusters throughout the muscle. In contrast, loss of RyR1 function
causes regionalization of AChR clusters around large nerve bundles
(Hanson and Niswander, 2014). To determine the effect of the
Ryr1AG/AG allele, we examined AChR cluster distribution and axon
extension in E18.5 Ryr1AG/AG muscle. In normal E18.5 diaphragm,
postsynaptic AChR clusters are centralized and distributed under
the branched axons (Fig. 4A and inset shown in Fig. 4C; labeled
with α-bungarotoxin [αBTX, red], neuroﬁlament and synapto-
physin [green]). In Ryr1AG/AG mutant diaphragm, motor axons wereFig. 5. RYR1 controls AChR cluster size. (A–C) AChR clusters of Ryr1AG/þ , Ryr1AG/AG, and
the diaphragm of AChR cluster size.present and there were similar numbers of AChR clusters in
Ryr1AG/AG compared to RyR1AG/þ (Fig. 4A, B and E). However,
Ryr1AG/AG diaphragms exhibited a narrowed region of AChR cluster
distribution showing an 50% reduction in width in the region of
the AChR clusters compared to normal littermates (Fig. 4C, D and
F). Furthermore, the axons extended past these AChR clusters re-
sulting in longer axons in Ryr1AG/AG compared to Ryr1AG/þ dia-
phragms (Fig. 4D and G). In other muscles of Ryr1AG/AG embryos,
axons extended past narrowed AChR clusters (Fig. S2 shows glu-
teus maximus and vastus lateralis muscles). In Ryr1 null dia-
phragms, axons also extended past the AChR clusters and the
AChR cluster region was narrowed (Fig. 4E–G). Similar to RyR1 /
E15.5 diaphragms that lack phrenic nerves (Hanson and Niswan-
der, 2014), MuSK and Lrp4, proteins important in postsynaptic
AChR formation, axon outgrowth and synapse stability, show
narrowed RNA expression patterns at E14.5 and E18.5 in Ryr1AG/AG
diaphragms compared to normal (Fig. 4H–O). This is in contrast to
Cacnb1null embryos in which Musk is over-expressed throughout
the diaphragm and AChR clusters are distributed throughout the
diaphragm (Chen et al., 2011). This data suggests signiﬁcant
functional differences resulting from mutations to either the DHPR
or RyR1.
3.6 RyR1 restricts size of AChR clusters
Recently, our examination of E18.5 Ryr1 / diaphragms pro-
vided evidence that the majority of AChR clusters do not distribute
with the overextended axons (Hanson and Niswander, 2014). At
E18.5, individual synapses appeared to be larger in Ryr1AG/AG dia-
phragm muscle than in the age-matched control embryos (Fig. 5A,Ryr1 / endplates (scale bar¼20 μm). (D) Quantiﬁcation in the ventral quadrant of
Fig. 6. Ryr1AG/AG embryos show increased synaptic vesicles and miniature endplate
potentials. (A–D) Transmission EM of E18.5 phrenic nerve terminals and synaptic
vesicles in Ryr1AG/AG (A,C) compared to Ryr1AG/þ (B,D). A,B Scale bar¼500 nm. (C
and D) magniﬁed view of boxed regions in A, B. (E–G) Recordings of spontaneous
events demonstrate increased frequency of mEPPs in Ryr1AG/AG (F) compared to
Ryr1AG/þ (E) and Ryr1 / (G). (H) Quantiﬁcation of mEPP frequency.
(I) Quantiﬁcation of mEPP amplitude. (J) Examination of mEPPs per minute after
application of either 500 μM 4-CmC or 1 μM caffeine in Ryr1 /diaphragm.
(K) Quantitative RT-PCR of Ryr1, Ryr2 and Ryr3 from the ventral spinal cord of
Ryr1þ /þ , Ryr1AG/AG, Ryr1 / embryos (n¼4 each) and the data normalized to the
level of expression in wild type.
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with non-ﬂuorescent regions within the middle and to the sides of
the disk (Fig. 5C and D). Measurements of individual AChR clusters
showed an 50% increase in size of AChR clusters in Ryr1AG/AG
muscles compared with normal controls (Fig. 5D). This suggeststhat functional RyR1 channels in muscle or nerve may regulate
AChR cluster size and distribution during NMJ development.
3.7 Enhanced spontaneous transmitter release on Ryr1AG/AG muscle
In order to examine the presynaptic side of the NMJ, an electron
microscopy analyzes was performed on E18.5 mouse diaphragm
muscle/phrenic nerve region. In Ryr1AG/AG diaphragms (n¼15), the
presynaptic nerve terminals contained increased numbers of ve-
sicles compared to Ryr1AG/þ AChR clusters (265738 in Ryr1AG/AG
compared to 165725 in Ryr1AG/þ per terminal; n¼20 sections used
per genetic background) with decreased size (32 nm2711 in
Ryr1AG/AG(n¼621) compared to 52718 in Ryr1AG/þ (n¼605 )),
while the basal lamina was well deﬁned (Fig. 6A–D). In order to
determine whether the NMJ in the Ryr1AG/AG embryos were func-
tional, electrophysiological analysis was performed on E18.5 dia-
phragm muscle (Fig. 6E–I). Spontaneous neuromuscular synaptic
activity, as measured by miniature endplate potential (mEPP) fre-
quency in the absence of stimulation (events per minute), was in-
creased more than 80-fold in Ryr1AG/AG muscles (69.11716.79,
n¼21 cells, n¼6 embryos, 8915 total events in 129 min) compared
with controls (0.7970.21, n¼25 cells, n¼5 embryos, 113 total
events in 143 min; po0.005; Fig. 6. E, F and H). In RyR1 / dia-
phragm muscle mEPP were modestly increased compared to con-
trols (5.9272.21, n¼18 cells, n¼5 embryos, 959 total events in
162 min; Fig. 6G and H). Examination of the magnitude of mEPP
show variability in the amplitudes in Ryr1AG/AG muscles, but no
signiﬁcant increase in size (2.3870.81 mV, n¼21 cells and 6 em-
bryos) compared with controls (1.9770.22 mV, n¼25 cells and
5 embryos; po0.05; Fig. 5I) or Ryr1 / muscle (2.0870.62 mV,
n¼19 cells and 4 embryos; po0.05).
CACNB1/DHPR (Chen et al., 2011) and STAC3 (Nelson et al.,
2013) increase the incidence of mEPPs in age-matched diaphragm
muscle, suggesting that signaling in muscle affects the frequency
of spontaneous ACh release onto the post-synaptic endplate. To
determine whether ryanodine receptors in the nerve regulate
mEPP frequency, mEPPs were examined in E18.5 Ryr1 / dia-
phragms. The application of 4-CmC (0.5 mM; to activate en-
dogenous presynaptic RyR2 without activating pre- and post-sy-
naptic RyR3 (Choisy et al., 1999; Fessenden et al., 2000)) to the
bath increased the incidence of mEPPs in Ryr1 / muscle
(29.87710.29, n¼20 cells, n¼5 embryos, 3734 total events in
125 min; Fig. 6J). Bath application of caffeine (10 mM; agonist for
all three RyRs) showed an even greater incidence of mEPPS in
Ryr1 / muscle, suggesting that both RyR2 and RyR3 mediated
Ca2þ release can affect mEPP frequency (43.76712.77, n¼19 cells,
n¼5 embryos, 5252 total events in 120 min; Fig. 6J). Moreover,
these data suggest that RyR2 channels are in the pre-synaptic
apparatus and involved in NMJ transmission. To determine whe-
ther genetic alteration of RyR1 function can change the amount of
RNA produced from the three Ryr family member genes, we per-
formed quantitative RT PCR on the ventral spinal cords of Ryr1/ ,
Ryr1AG/AG and Ryr1þ /þ E18.5 embryos. Under these conditions, no
signiﬁcant differences were found in the level of Ryr2 or Ryr3 RNA
(Fig. 6K), suggesting the RyR2 effect on mEPP frequency is not due
to an alteration in Ryr2 transcript in the spinal cord.
3.8 Lack of evoked endplate potentials in Ryr1AG/AG diaphragms
To further examine the motor axon electrophysiology of the
NMJ, evoked endplate potentials (eEPPs) were induced through
phrenic nerve stimulation. Amplitudes of eEPPs were similar be-
tween control (33.2575.25 mV, n¼23 cells and 4 embryos;
Fig. 7A) and Ryr1 / muscles (26.7579.22 mV, n¼27 cells and
4 embryos; Fig. 7C) in response to electrical stimulation of the
nerve. Notably, in Ryr1AG/AG diaphragm muscle, stimulation did not
Fig. 7. Lack of evoked endplate potentials in RyR1AG/AG muscle. Sharp electrode
recordings of responses from diaphragm muscle following a 0.2 ms suprathreshold
stimulus to the phrenic nerve in normal Ringer's solution. (A–C) Representative
recording of evoked response in Ryr1AG/þ (A) and Ryr1 /(C) compared to com-
plete lack of evoked response in Ryr1AG/AG (B). (D) Quantiﬁcation of evoked end-
plate potentials from Ryr1AG/þ , Ryr1AG/AG and Ryr1 / diaphragms.
Fig. 8. Rescue of evoked EPP in Ryr1AG/AG muscle. Resumption of evoked EPPs in
Ryr1AG/AG by application of 10 mM Ca2þ (B), 500 μM 4-CmC (D), or 1 μM thapsi-
gargin (F) compared to Ryr1AG/þ (A, C and E). Arrows represent mEPPs.
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locomotor normal littermate in Fig. 7A). The lack of evoked release
in Ryr1AG/AG could be due to a presynaptic defect and, if so, this
would suggest a role for presynaptic RyR1 at the neuromuscular
junction. The non-functioning neuronal RyR1 might compromise
the production or availability of components required for vesicular
release. To test this, 10 mM Ca2þ was bath applied and this was
capable of restoring evoked potentials in Ryr1AG/AG diaphragm
muscles (Fig. 8A; compared to Fig. 7B without additional Ca2þ).
The initial application of 10 mM Ca2þ to the bath induced asyn-
chronous release of transmitter which suppressed the high num-
ber of mEPPs produced in control Ca2þ solutions. This data sug-
gests that the components for evoked release are present and able
to function. This data suggest that the Ryr1AG/AG mutation might
affect the availability of necessary Ca2þ to support evoked ACh
release onto the muscle. To increase cytosolic Ca2þ levels in
Ryr1AG/AG preparation, treatment with 4-CmC (500 μM) and
phrenic nerve stimulation produced eEPPs in the muscle and in-
creased the number of mEPPs (Fig. 8D compared to 7B, arrow-
heads highlight mEPPs in Fig. 8). 4-CmC induced evoked response
in Ryr1AG/AG muscle immediately after application suggesting that
presynaptic RyR (RyR1 and/or RyR2) are involved in evoked re-
lease of ACh. Moreover, depleting internally stored Ca2þ with bath
application of thapsigargin (1 μM) temporarily restored eEPPs in
Ryr1AG/AG diaphragms (Fig. 8F), suggesting the evoked release in-
volvement of ER-like membranes on the presynaptic side of the
NMJ. These data suggests that functional neuronal ryanodine re-
ceptor channels can be involved in the action potential-mediated
release and spontaneous release of synaptic vesicles at the NMJ.4. Discussion
Here we present homozygous embryonic data from a myo-
pathic RyR1AG mouse model that demonstrates structural and
functional defects of the muscle and nerve. Of the structural de-
fects, we ﬁrst substantiate that axons extend beyond the AChR
cluster region and AChR clusters become more centralized in
Ryr1AG and Ryr1 / muscle. Second, we show that AChR clusters
in dysfunctional Ryr1AG muscle are consistently larger than AChR
clusters in wildtype and Ryr1 / null muscle. Of the functional
defects, we ﬁrst describe that the homozygous RyR1AG protein is
present but dysfunctional in the muscle. Second, we provide evi-
dence of a Kþ leak in Ryr1AG/AG diaphragms, and that masking of
the Kþ leak induces muscle contractions in otherwise paralyzed
muscle. Third, we demonstrate that unlike wildtype and Ryr1 /
NMJs, NMJs in Ryr1AG/AG lack release of Ca2þ in the presynaptic
terminal that results in release of transmitter. However, supple-
mentation by external Ca2þ can re-initiate evoked release. Lastly,
we show that ryanodine receptors are involved in vesicular release
of ACh at the NMJ. These data suggests that RyR1 contributes to
structural and functional events at the neuromuscular interface
beyond the well-studied role in SR Ca2þ release to induce muscle
contractility.
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derscore the majority of structural changes in Ryr1AG/AG muscle. In
Cacna1smdg/mdg, Cacnb1 null and Ryr1 null diaphragms, similarities
exist in extensive axon overgrowth and AChR cluster size (Fig. 4D
compared with work by Powell and work by Chen et al. (2011),
Powell et al. (1984)). Our data on Ryr1AG/AG muscle and on muscle
lacking Ryr1 allows us to suggest that restriction of AChR cluster
size might be dependent on RyR1 downstream signaling. However,
dissimilarity exists in AChR cluster distribution between DHPR
mouse models and RyR1 mouse models, AChR cluster distribution
is expanded in diaphragms that lack DHPR subunits while re-
stricted in models with abnormal RyR1 function (Fig. 4A; Chen
et al., 2011; Hanson and Niswander, 2014; Powell et al., 1984).
Therefore, our data and work by Chen et al. (2011) suggest an
additional role for DHPR and RyR1 function beyond muscle con-
tractility and SR Ca2þ release, and might play roles in axon ex-
tension, AChR distribution and AChR cluster size.
In Ryr1AG/AG muscles, we show that axons extend beyond the
centralized AChR clusters and beyond Musk and Lrp4 expression
regions. In addition, Musk and Lrp4 expression regions are nar-
rowed and similar in extent as the centralized AChR clusters.
Motor axons require proper MuSK signaling for correct placement
(Kim and Burden, 2008). Moreover, Lrp4 is the receptor for agrin
and component of MuSK signaling and is required for AChR cluster
formation (Kim et al., 2008; Lin et al., 2001; Weatherbee et al.,
2006; Yang et al., 2001). Recently, RyR1 signaling was shown to be
involved in proper prepatterning of AChR clusters and axon ex-
tension (Hanson and Niswander, 2014). Therefore, our data sug-
gest that muscle RyR1 may help the MuSK and Lrp4 signaling
complex to halt axon extension. Since Cacnb1 null (DHPR β1 null)
mice show an increase in Musk expression (Chen et al., 2011),
which contrasts with our data in Ryr1AG/AG muscles, we can con-
clude that muscle RyR1 may have a distinct function in axon ex-
tension separate from the role of the DHPR–RyR1 complex in SR
Ca2þ release.
Ryanodine receptors may also have a distinct role in release of
Ca2þ in the presynaptic terminal that results in release of trans-
mitter at the presynaptic NMJ. Synaptic vesicles are increased at
Ryr1AG/AG presynaptic nerve terminals and our pharmacological
studies suggest that functional RyR1 and RyR2 are involved in
release of Ca2þ that results in release of ACh at the NMJ and thus
may also be involved in the Ca2þ dependent release of other
factors required during NMJ development. Interactions between
RyR1 and Snapin, a protein involved in peptide secretion, en-
hances RyR1 channel activation (Zissimopoulos et al., 2006) and
stimulates peptide secretion in non-neuronal cells (Kinoshita et al.,
2013). RyR channels and the vesicular release protein, SNAP25
share an overlapping binding site on Snapin, suggesting a direct
link between RyR and vesicular release (Zissimopoulos et al.,
2006). In Drosophila, dense core vesicles (DCV) are activated
through CaMKII and can be modulated by ryanodine receptors
(Levitan, 2008; Shakiryanova et al., 2007). In vertebrates, golgi-like
apparatus release DCVs that contain agrin (Magill-Solc and
McMahan, 1988). Therefore, DCV might utilize RyR dependent
stores of Ca2þ to evoke release of agrin onto the muscle. In ad-
dition, RyR might be involved in ACh and agrin release during the
presynaptic instigation of the evoked endplate potentials, two
molecules that are involved in neuronal synapse elimination and
stabilization (Lin et al., 2001; Misgeld et al., 2005; Reist et al., 1992;
Rimer, 2010; Wang et al., 2014; Yang et al., 2001).
Even though synapses are formed in Ryr1AG/AG diaphragms,
action potential evoked SR Ca2þ release and muscle contractility
are abolished. Muscle contractility can be rescued by masking the
potassium leak from the muscle. A possible explanation for the
rescue might be that signaling between the voltage sensitive DHPR
channels and RyR1 channels is disrupted. DHPR channels andRyR1 channels interact through orthograde and retrograde sig-
naling (Andronache et al., 2009; Bannister and Beam, 2009). Or-
thograde signaling from DHPR opens the RyR1 channel in the SR,
while retrograde signaling from RyR1 controls the gating of DHPR
(Bannister and Beam, 2009). The DHPR agonist Bay K8644 was
able to induce contractions in Ryr1AG/AG diaphragms suggesting
that orthograde signaling is unaffected. In addition, 4-CmC, the
agonist of RyR1, can induce calcium release in homozygous
Ryr1AG/AG myotubes. Therefore, Ryr1AG/AG channels have the ability
to become activated but cannot activate under normal physiolo-
gical conditions. In the future, experiments can be performed to
examine the retrograde communication from Ryr1AG/AG to DHPR
in a manner similar to Bannister and Beam (2009). Ryanodine
receptors are expressed in excitable cells of vertebrates (Giannini
et al., 1995). Therefore, ryanodine receptors may have functions
beyond the release of internal Ca2þ stores and might contribute to
the formation and maintenance of synaptic structures throughout
the nervous system. Further study of RyR1 models might help to
establish appropriate therapies for patients with myopathies.Disclosures
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